In this study, offshore flow will be examined in terms of eddy correlation aircraft data collected approximately 15 m above the sea surface (section 3). In the next section we review the basic formulations required for the analysis in sections 4-7, using the data described in section 3.
Introduction
Existing models of the air-sea interaction sometimes break down in the near-coastal zone due to advection of stronger turbulence and temperature from land, nonstationarity associated with diurnally varying horizontal pressure gradients in the atmosphere, complex wave states, including young wind-driven waves and incoming swell, and shoaling of such swell. A num- In this study, offshore flow will be examined in terms of eddy correlation aircraft data collected approximately 15 m above the sea surface (section 3). In the next section we review the basic formulations required for the analysis in sections 4-7, using the data described in section 3.
Existing Parameterization of the Surface Stress
The drag coefficient is computed as
where u, is the friction velocity based on averaged components of the stress vector and U is the wind speed computed from 20,629 averaged wind components. Given observations of the wind speed and surface stress, the roughness length can be "backed out" of the similarity prediction of the drag coefficient. The influence of the height of the platform on the computed roughness length will be an important concern in this study. The height of the aircraft for low-level flights included here ranged from roughly 10 m to a specified upper cutoff of 20 m. Roughness lengths computed from the aircraft data within this range of heights do not show a clear dependence on the height of the aircraft. Comparison of the two levels of momentum and heat flux measurements at the end of the pier for onshore flow shows good agreement. However, the computed roughness length is systematically smaller at the 18-m level. This appears to be due to the increase of wind speed with height faster than predicted by similarity theory. Perhaps the 18-m level is often above the surface layer, which would also imply that the aircraft was sometimes above the surface layer. Greater heat flux loss compared with the momentum flux loss causes the estimated stability z/L to be too small. For stable conditions this error acts to underestimate the stability function and therefore to underestimate the roughness length cmnputed from (2). In subsequent sections we use fluxes where no attempt was made to correct for small-scale flux loss, which is under further investigation.
Cd = In (Z,/Z,o) --½m ' (2)
Fluctuations of the aircraft height above the surface, typically of the order of a few meters on a horizontal scale of a kilometer, lead to artificial fluctuations in the presence of mean vertical gradients. The corresponding error for the momentum flux is normally small for unstable conditions. It is large for individual stable records but is not systematic (it occurs with either sign with equal probability) except for very stable conditions, where it acts to overestimate the momentum flux, on average, by 40-50%. The corresponding error in the heat flux is very small. The net effect is to underestimate z/L and the aerodynamic roughness length. Analysis of such errors is complicated and will be reported on in a future paper. Finally, the aircraft may overestimate the wind speed in weak wind conditions, causing the drag coefficient and roughness length to be underestimated.
While Figure 7c . Surprisingly, the vertical structure did not seem to vary systematically with offshore distance, suggesting more than one collapse and recovery sequence. The stability on this day is substantially weaker than that for the ultrasmooth case on March 6, 1999, discussed above. The sequential soundings indicate that individual soundings on this day would be misleading and that the evolution and elimination of the stable internal boundary layer may be intermittent. As one possible explanation, accelerating flow above the thin, cool stable layer enhances the shear and induces mixing (boundary-layer recovery), which in turn reduces the shear and increases the Richardson number. This would lead to decay of turbulence and reformation of the cool stable layer adjacent to the surface. Unsteadiness of the upstream wind may also be a factor, particularly since the fetch at a given point is sensitive to wind direction.
Roughness Length Dependence on Stability
The aerodynamic roughness length generally decreases with increasing bulk Richardson number except for the most stable conditions (Figure 8 We require that the stress vector be directed within 45 degrees of opposing the wind vector (section 3) to reduce the contribution of the swell to the composited roughness length. Relaxing this criteria (Figure 9 , solid line) modestly increases the roughness length (and drag coefficient) at weak wind speeds but has little effect at other wind speeds. Therefore it is likely that part of the increase of the roughness length at weak wind speeds is due to wave-driven stress. The wave-driven stress is not expected to obey Monin-Obukhov similarity theory but enhances the stress and therefore the aerodynamic roughness length computed from that stress. For weak wind stable conditions, longer waves exert an important influence on the stress, as was observed by Plant et al. [1999] . In fact, in their case the stress was nearly constant as the wind decreased to values below a few meters per second. Rieder and Smith [1998] find that the wave-induced part of the stress does not vanish as the wind vanishes, causing the drag coefficient to become large. However, they also find that even after attempting to remove the wave-driven stress, some increase of the drag coefficient at weak winds remains. Mahrt et al. [1996] found that the increase of the drag coefficient at weak wind speeds over the water is very sensitive to the method of calculation. Mahrt et al. [2001] show that the roughness length increases at weak winds speeds also over land surfaces, even over bare ground, alluding to meandering of the wind and stress vectors as a contributing factor. 
Conclusions
The above analysis of LongEZ aircraft data and sonic anemometer data reveals frequent occurrence of very small surface stress and roughness lengths. These very small roughness lengths with near collapse of the turbulence are generally as- In some stable cases the vertical transport of turbulence may be downward, implying that the main source of turbulence is above the surface-based stable layer. In these cases the aerodynamic roughness length is much larger than that for the usual case of upward transport of turbulence energy. The multitude of physical influences on the surface stress and the difficulty of measuring weak momentum fluxes prevent categorical conclusions.
